INTRODUCTION
For reasons which will SOon become obvious, this review-at first glance polemic and too inclusive-pays more than the customary attention to biological matters. It deals with thermogenicity in plants, a property which, according to the available evidence, is connected with "cyanide-resistant respiration," a type of cellular respi ration insensitive to inhibition by terminal inhibitors such as cyanide", azide, and carbon monoxide (CO), and by inhibitors such as antimycin A and HOQNO, which act between band c-type cytochromes (18,62,63,73,80; cf 105, 106) . The definition is not absolute, since degrees of cyanide resistance varying from 0 to 100%, and even stimulation by cyanide (100), have been found in plant tissues, pollen grains, and mitochondria (18, 19, 23, 25, 46, 70, 82, 86, 145, 146, 201) , often as a function of plant or organ development (131, 2(0) . The insensitivity resides in the mitochondria (19, 64, 65, 150, 188, 205, 206) . When isolated from resistant tissues, they turn out to contain a "dual pathway" for respiratory electron transfer: the classical, cyanide sensitive electron transport system which is coupled to phosphorylation, and a cyanide-insensitive pathway which branches from the classical one on the substrate side of cytochrome c and is phosphorylative to a much lesser extent (19, 64, 65, 150, 188, 205, 206) .
The alternate pathway is specifi cally inhibited by iron-complexing agents such as hydroxamic acids, a, a'-dipyridyl, K-thiocyanate, and 8-hydroxyquinoline (19, 25, 46, 170) . A ferrosulfoprotein with an apparent Km for O2 lower than that of a flavoprotein oxidase is probably (but not certainly) involved (83 (74, 204) or fatty acids (12) . The latter type will be referred to as "endogenous uncoupling." Both may lead to an increase in the rate of heat production (103, 151, 204, 205) .
PHOSPHORYLATIVE EVENTS
Experimentally it was found that improved isolation methods for plant mito chondria (47, 48, 79, 81) applied to various plant materials, including arum lilies, can lead to preparations which show respiratory control with tight coupling and ADP:O ratios similar to, but slightly lower than, those found with mammalian mitochondria (37, 49, 54, 133, 199, 203) . The three sites of phosphorylation sug gested for plant mitochondria agree well with those in mammalian mitochondria (37, 188) , with site II between band c-type cytochromes and site III between cytochrome a and a3' In mitochondria from aroid appendices, all three sites can be operational (112, 204) , resulting in ADP:O ratios as high as 2.7 for malate in Sauromatum (204) . However, on the day of fl owering the Sauromatum mito chondria are uncoupled (204) , either endogenously or because the alternate pathway becomes operational. The low phosphorylative efficiency (75%) of mung bean mito chondria has been ascribed to the latter factor. Phosphorylative site I is retained (13, 14, 150, 188, 205, 206) .
TEMPERATURE RISE IN FLOWERS AND INFLORESCENCES.
Thermogenicity is especially obvious in fl oral organs (56) and has been studied most often in the water lily Victoria (45, 59, 95, 189) and in arum lilies such as Arum italicum (104, 132, 149) , A. maculatum (24, 58, 66, (86) (87) (88) 104, Il l, 112, 152, 167, 168, (172) (173) (174) (175) , Sauromatumguttatum (29-31, 38-40, 75, 76, 90,135,138,140,141, 147, 176, 192-195) , SymplocarpusJoetidus (13, 35, 53, 61, 97, 98, (186) (187) (188) 196) , Typhonium divaricatum (168, 169) , Alocasia pubera (190) , Schizocasia portei (52), and Philodendron selloum (143) . The temperature difference with the environment may reach a value of 22° C in Colocasia odora and Schizocasia portei, and at least as much in Philodendron selloum and Symplocarpus Joetidus. In biochemical cir cles, there has been a remarkable lack of precision in referring to the particular species and organ involved, e.g. "skunk cabbage," supposed to be identical with SymplocarpusJoetidus, could refer just as well to Lysichitum americanum (Western skunk cabbage) which, however, has never been investigated biochemically.
The central column or spadix of Symplocarpus is completely covered with small hermaphroditic fl owers which warm up, whereas in SauromatuUl and Arum there has been a differentiation leading to separate staminate and pistillate fl owers as well as a special, sterile, club or finger-like organ-the appendix or osmophore (198) which abundantly produces heat (and smell). In Philodendron selloum, incomplete staminate flowers are involved. Frequently overlooked also is the fact that the number of temperature maxima within an inflorescence varies from species to species (124), from two in Arum, Philodendron, and Sauromatum to five in Colocasia odora. In forms possessing an appendix, the first maximum (produced right there, and the only one studied biochemically so far) is by far the highest. Since the heat serves as a "volatilizer" for the odoriferous compounds-often amines (176) or indole (38) (39) (40) -that attract the pollinators, and since in these forms obligatory cross-pollination is combined with proterogyny (55, 96, 102, 134, 153, 191, 198) , it is no surprise that this maximum precedes the shedding of pollen by many hours (96) .
HISTORY
Explicit formulation of the dual pathway concept goes back to 1932, when Okunuki (145, 146) discovered the cyanide and CO insensitivity of Lilium auratum pollen.
Light-reversal of the partial CO inhibition in certain pollens sometimes led to respiration values exceeding those of untreated material-the first indication that the action of cyanide and CO may involve more than a simple replacement of the blocked classical pathway by another (cf 70).
Thermogenesis in Arum was discovered by Lamarck in 1778 (104) . Garreau (58) demonstrated the close relationship between heat development and oxygen con sumption here. van Herk (192) ascribed the cyanide insensitivity of the respiration of the Sauromatum appendix to the absence of the cytochrome/cytochrome oxidase system and the presence of an autoxidizable flavoprotein. His ideas were essentially adopted, in the case of Arum maculatum, by James & Beevers (85, 86) . However, the presence of the classical electron transfer system can be demonstrated easily in both cases, and at present the dual pathway concept seems the most suitable for explaining the cyanide-resistant respiration in Arum, Sauromatum, and Symplocar pus (172, 173, 207, 208) . The various alternatives have been discussed ably by
Bendall & Bonner (19) . In the meantime, cyanide-resistant respiration had been demonstrated in storage tissues of potato, sweet potato, carrot, and Jerusalem artichoke (6-9,27,42,50,63-65, 68, 69, 101,115-123, 126, 144, 155, 158, 161-164, 197) . It is now known to play a role also in the so-called climacteric respiration of fruit (180, 181) , in roots (91-94), in mung bean seedlings (25, 79, 81, 82, (182) (183) (184) (185) , and in various microorganisms (67, (107) (108) (109) (110) 171) . Several reviews of cyanide insensitive respiration in plants and the dual pathway concept are now available (18, 25, 80) . The increased cyanide-insensitive respiration of slices of storage tissue is accom panied by an increase in the number of mitochondria, presumably through fission of preexisting mitochondria (123) without a corresponding increase in cell number (8, 9, 122, 144) . The newly formed mitochondria are heavier than the preexisting ones, probably because they contain more NADH dehydrogenase (64) and nonheme iron oxidase and are more resistant to cyanide (144, 164 (27) , important because plant mitochondria have been said to lack NADP (78, 80, 113) .
FUNCTION OF THE ALTERNATE PATHWAY
Upon injury, many plants release HCN from cyanogenie glycosides, but the latter are not in evidence where the alternate pathway is the most obvious (Arum, Sym plocarpus, Lilium aura tum pollen). Free CO, although present in concentrations up to 12% in the internal cavity of the brown alga Nereocystis (114, 157) , is rare in plants. Confrontation of plant tissues with cyanide or CO thus is largely a laboratory event-hardly something Nature could have selected for. Therefore, no student of evolution can easily accept the idea that the alternate pathway has become fairly common in plants when it will become functional only after exposure of tissues to cyanide or CO (188) .
Of course, the situation in isolated mitochondria may not always refl ect the situation in intact tissues. When plants produce the heat that wHl volatilize the odoriferous principles that attract the pollinators, the survival value of the alternate pathway seems obvious. In Symp/ocarpus, the long-lasting heat production guaran tees development of the inflorescence and pollination, even at subfreezing environ mental temperatures (97, 98) . Associating the alternate pathway with thermogenesis remains legitimate, for although it is true that its operation does not in all cases lead to a drop in the ATP level (which may even rise somewhat), it is obvious that a greatly increased flow of respiratory electrons is needed to maintain such ATP constancy when the number of phosphorylative sites is reduced from three to one (188, 206) . Crudely phrased, more "fuel" has to be �'burned" to obtain the same amount of A TP as in the classical situation, and this constitutes thermogenicity. In bean hypocotyl mitochondria, where thermogenicity is not at issue, the alter nate pathway comes into play only when the ADP level is low enough to limit the cytochrome pathway rate (13) . It may be required either to increase the fl ux through the citric acid cycle or to increase the oxidation of cytoplasmic NADH (48) in the absence of a phosphate acceptor (81) . The alternate pathway probably modulates a balance between the availability of reducing equivalents and that of high energy adenylates (3-5, 63, 80, 1(0). The latter affect various enzymes allosterically (10, 90, 159) , are obligatory for the functioning of succinyl-CoA synthetase in plants (148) , and strongly infl uence the fate of malate (210), which has been receiving increased attention (77, (128) (129) (130) .
CONTROL OF THE ALTERNATE PATHWAY; RELATIONSHIP WITH CLIMACTERIC FRUIT RESPIRATION AND ETHYLENE
In slices of storage tissues, oxygen plays an important role in the development of cyanide-resistant respiration (64, 115; cf 33) . Volatile aldehydes may act as the trigger (115, 116) . In the brown adipose tissue of mammals, thermogenicity probably based on endogenous uncoupling-is under the control of hormones and external temperature (15, 41, 43, 44, 89, 125, 177, 178, 202 noon. In actuality, thermogenicity in arum lilies is controlled primarily by the light/dark regime (135, 136, 139, 167; cf 59) , and secondarily by hormonal infl u ences (30, 139, 193, 194) . Exposure of Sauromatum inflorescences, kept in constant light, to a single 6-hr "dark shot" leads to a metabolic peak 40-45 hr after the beginning of the shot (31) . The regime probably leads to production in the staminate fl ower primordia of a triggering hormone ("calorigen"), which can be shown to be present in the appendix about 22 hr before the heating starts. Injection of the extracted hormone into appendices amputated 2 days before the expected metabolic explosion leads to heating and smell production after a lag time of about a day (30, 193, 194) . Chen & Meeuse (38, 40) , concentrating on the production of the easily demonstrable compound indole under the infl uence of the hormone, have designed a bioassay for calorigen and have purified two active principles (calorigen I and II) with its aid. Both are low-molecular compounds which have now been characterized chemically to a considerable extent. At the intracellular level, Bahr & Bonner (13) have shown the complete indepen dence in vitro of the alternate path from A TP and ADP. For isolated Symp!ocarpus mitochondria, they have suggested (14) that the distribution of respiratory electrons over the two pathways is regulated by an eqUilibrium mechanism of two postulated carriers possessing Eo' values of such magnitude that they ensure full reduction of the component connected to the cytochrome oxidase, while the carrier feeding electrons into the alternate path is completely or partially oxidized. It is difficult to see, however, how such a system could lead to the nearly complete suppression of the classical pathway under certain circumstances.
Ethylene, like cyanide, often stimulates respiration (1, 2). In postharvest fruit respiration (160), the exact role of ethylene is hard to evaluate because of the multiplicity of events (32, 103, 142, 209) . However, for intact avocados and for potatoes (where ripening is not at issue) Solomos & Laties (180, 181; cf 33, 154) could show that ethylene and HCN (gas) produce identical responses in glycolysis and respiration. The presence of the cyanide-resistant path, and not necessarily "ripening," seems to be the prerequisite for ethylene to stimulate respiration. In deed, tissues stimulated by ethylene are also stimulated by cyanide (154) , while conversely ethylene has no effect on plant materials strongly inhibited by cyanide (180) . Both agents are thought to divert electrons actively from the classical respira tory chain to the alternate path, an ability which they probably share with calorigen (137) . The mechanism giving rise to the increase in glycolysis which accompanies the respiratory boost is not clear. In some other instances of glycolytic boosts (no matter what the cause), phosphofructokinase (PFK) and/or pyruvate kinase (PK) have been implicated (16, 17, 26, 34, 60, 75, 76, 99, 127, 155) . In banana, preclimac teric PFK displays toward its substrate a negative cooperativity (165, 166) which is partially abolished at the start of the climacteric; this amounts to an activation of the rate-limiting enzyme PFK.
EPILOGUE AND PROGNOSIS
In 1973, Dizengremel et al (46) found that cyanide-resistant and cyanide-sensitive mitochondria contain about the same proportion of ferrosulfoproteins with non-heme iron and labile sulfur. They interpreted this to mean that the alternate pathway is common but is operational in some cases only. They use the observation that cyanide resistance can be induced easily by certain experimental treatments (64, 107) as further evidence that the "switching on" of the alternate pathway does not depend on a de novo large-scale synthesis of ferrosulfoproteins, but rather on a control mechanism that makes enzymatic proteins already present in the mitochon drial membrane more accessible to oxygen (cf 84, 204) . The problem is how to reconcile this concept with the proved production of new and heavy mitochondria in storage tissue slices (8, 9, 122, 123, 144) . The fi rst order of the day will be to solve this controversy. Identifi cation of the "second oxidase" is essential. It is also impera tive to elucidate the chemical nature of calorigen and to compare its triggering action with that exerted by ethylene, CO, and cyanide. Details of respiratory elec tron transfer mechanisms and phosphorylative sites remain to be worked out in several cases.
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